Abstract: Background: Cell cycle regulation of neural progenitor cells (NPCs) is an essential process for neurogenesis, neural development, and repair after brain trauma. Stromal cell-derived factor-1 (SDF-1, CXCL12) and its receptors CXCR4 and CXCR7 are well known in regulating the migration and survival of NPCs. The effects of CXCL12 on NPCs proliferation, cell cycle regulation, and their associated signaling pathways remain unclear. Cyclin D1 is a protein required for progression through the G1 phase of the cell cycle and a known downstream target of β -catenin. Therefore, cyclin D1 plays critical roles of cell cycle regulation, proliferation, and survival in NPCs.
INTRODUCTION
Neural stem cells (NSCs) have two fundamental physical properties, including self-renew and differentiation, and they have the ability to become both neurons and glial cells [1, 2] . During the early developmental stages of the central nervous system (CNS), NSCs are found in the early embryonic ventricular area, where they sustain neurogenesis and gliogenesis. Additionally, NSCs can produce a series of cell type-lineage progenitors in a temporal and spatial manner, leading to the generation of a heterogeneous cell population. These cells are generally referred to *Address correspondence to these authors at the Shanghai Tenth People's Hospital Affiliated to Tongji University School of Medicine, Shanghai 200072, China; 985930 University of Nebraska Medical Center, Omaha, NE 68198-5930, USA; E-mail: jzheng@unmc.edu or yhuan1@unmc.edu NPCs (neural progenitor cells) [3] . Because of their multiple biological functions, NSCs have good prospects in clinical applications of stem cell-based cell replacement therapies for neurodegenerative diseases [4] [5] [6] . Growing areas of research on NPCs include seeking a high survival rate of NSCs, accurate control of proliferation and differentiation, as well as detecting the functions of NSCs.
In terms of the physiological characteristics, NSCs generally have four existing states, including selfrenewal, quiescent condition, apoptosis, and terminal differentiation. These processes are all involved in cell cycle regulation [7] . The cell cycle mainly involves two important stages, mitotic phase (M phase) and intermitosis. Inter-mitosis stage include three phases: G1, S, and G2. Unidirectional movement through these phases is driven by the activity of cyclin-dependent kinases (cdks) activated by specific Cyclins [8] .
CyclinD/cdk4/6 effects passage through G1 phase, while cdk phosphorylation inactivated retinoblastoma protein permits the cell to pass through the G1 "restriction point" and enter into S phase under the regulation of CyclinE/cdk2 and CyclinA/cdk2. In S phase, the cell undergoes semi-conservative DNA replication. The G2 phase, under the influence of CyclinA/cdk1 and CyclinB/cdk2, ultimately drives cells into mitotic division. Finally, degradation of the mitotic Cyclins by the Anaphase Promoting Complex (APC/C) leads to mitotic exit and re-entry into the next G1 phase [9, 10] . Recent reports showed that G1 phase plays a decisive role in the regulation of cell proliferation and differentiation [11] . Artegiani et al. demonstrated that the overexpression of CyclinD/cdk4 in the hippocampus of mice induced the constant expansion of NPCs while suppressing neurogenesis [12] . Lange et al. showed that restrained CyclinD/cdk4 lengthened the G1 phase and increased the number of neurons, while decreasing the amount of NPCs [13] .
Stromal cell-derived factor-1 (SDF-1, CXCL12) belongs to an extensive family of small secreted proteins that regulate cell migration and survival during the development of the nervous system [14] . CXCR4 and CXCR7 have been identified as CXCL12 receptors. Research into malignant peripheral nerve sheath tumors and colorectal cancer has shown that CXCL12/CXCR4 could induce the proliferation and invasion of cancer cells through the activation of PI3K signaling pathway and increasing CyclinD1 expression [15] . Neviana et al. showed that CXCL12/CXCR4 promotes C-Kit + cardiac stem/progenitor cell quiescence through the extension of the G0/G1 phase [16] . In the hematopoietic system, CXCL12 is essential for the migration and homing of primitive hematopoietic cells. Recent research has indicated that CXCL12 regulates the cell cycle and facilitates cell survival of CD34 + primitive hematopoietic cells [17] . To date, there has been no direct evidence to clarify the effects of CXCL12 on the cell cycle of neural stem cells. Here, we present findings that describe the cell cycle regulation, proliferation, and anti-apoptosis of mouse NPCs with CXCL12.
MATERIALS AND METHODS

Reagents
Recombinant mouse CXCL12 was obtained from R&D Systems (Minneapolis, MN, www.rndsystems.com). PI/RNase Staining Buffer was obtained from BD Bioscience. In Situ Cell Death Detection Kit, TMR red was purchased from Roche. CyclinD1, β -catenin, and actin protein levels were detected using antiCyclinD1 antibody (1:1000, Cell Signaling Technologies), antiβ-catenin antibody (1:1000, BD), and anti-actin antibody (1:5000, Sigma Aldrich), respectively.
Mouse NPC Culture and Treatment
Mouse cortical NPCs were isolated from gestational day E13.5 brain tissue as previously described (Chen et al. 2015) , mNPCs were cultured in mouse NeuroCult NSC Proliferation Medium (StemCell Technologies, Vancouver, BC, Canada, www.stemcell.com) supplemented with epidermal growth factor (10 ng/ml, Sigma Aldrich) and basic fibroblast growth factor (20 ng/ml, Sigma Aldrich) for selective neurosphere cultures. Neurospheres were passaged at 3-4 day intervals, until they reached 100-150 lm in diameter. CXCL12 was dissolved in 0.1% bovine serum albumin (BSA, Life Technologies, Grand Island, NY, www.lifetechnologies.com), and stored at -20°C until use. For CXCL12 pretreatment, cells were plated at a confluence of 60-80%, and exposed to different concentrations (0, 10, 50, 100, 250 ng/ml) of CXCL12 for 2 hours and then incubated with growth factor deprivation medium for an additional 12 to 24 hours. After CXCL12 pretreatment and growth factor deprivation, mouse NPCs were subjected to subsequent experiments.
Evaluation of Cell Cycle Progression (Flow Cytometry Assay)
Mouse NPCs were cultured in 6 well plates at a density of 0.5 million/well. For cell cycle analysis, they were digested using accutase, washed twice with cold PBS, and fixed with 70% ethanol for 24 hours at -20°C. After fixation, the cells were washed twice and resuspended in PBS and stained with PI/RNase Staining Buffer at room temperature for 30 minutes. The cell cycle distribution was acquired by FACSCanto II flowcytometer (BD Biosciences). FACS DIVA and FlowJo software were used to determine the percentage of mouse NPCs in G0, G1, and S/G2/M.
Real Time RT-PCR
Changes in gene expression were determined by quantitative real-time RT-PCR. Total RNA was isolated and purified from mouse NPCs cultured in 6 well plates using RNeasy Mini Kit (QIAGEN). The RNA concentration was measured by a Nano-Drop 2000 spectrophotometer (Thermo Scientific). mRNA was reverse-transcribed and cDNA to be used in real time PCR was prepared with SYBR Premix Ex Taq TM II (TaKaRa). Primer sequences used in qPCR were described as follows: CyclinD1, forward, GCGTACCCTGACACCAATCTC, reverse, CTCCTCTTCGCACTTCTGCTC; CyclinD2, forward, GAGTGGGAACTGGTAGTGTTG, reverse, CGCACAGAGCGATGAAGGT; CyclinD3, forward, CGAGCCTCCTACTTCCAGTG, reverse, GGACAGGTAGCGATCCAGGT; GAPDH, forward, TGGATTTGGACGCATTGGTC, reverse, TTTGCACTGGTACGTGTTGAT.
Western Blotting
After a series of treatments, mouse NPCs were lysed by M-PER Protein Extraction Buffer (Pierce, Rockford, IL, USA). Protein concentration was determined using the BCA (bicinchoninic acid) Protein Assay Kit (Pierce). An analytical 10% SDSpolyacrylamide gel electrophoresis (SDS PAGE) was prepared and then transferred to an Immuno-Blot polyvinylidene fluoride membrane (Bio-Rad, Hercules, CA, USA). After blocking in 5% fat-free milk for 1 hour, the membrane was incubated with primary antibodies for CyclinD1, actin, and β -catenin overnight at 4°C followed by horseradish peroxidase-conjugated secondary antibodies for 1 hour at room temperature. It was illuminated using a chemiluminescent substrate solution. The density of the immunoblots was determined by image lab software and analyzed using Image J program.
Immunocytochemistry
Mouse NPCs were fixed in 4% paraformaldehyde for 15 min. They were then washed with PBS three times, and coverglasses were blocked using 1% BSA for 1 hour at room temperature. Subsequently, they were incubated overnight at 4°C with primary antibodies including rabbit anti-Ki67 (1:1000; CST) and chicken anti-nestin (1:5000; Novus) for the identification of proliferating mouse NPCs. This was followed by Alexa Fluor secondary antibodies, goatanti-rabbit IgG Alexa Fluor 488, and goat-anti-chicken IgG Alexa Fluor 568 (1:200; Life Technologies) for 1 hour at room temperature. Nuclei were counter-stained with DAPI. Coverglasses were fixed on glass slides with Mounting Medium (Sigma-Aldrich). Immunostaining was examined by a Zeiss 710 confocal laser-scanning microscope. For quantification, images were imported into Image-ProPlus version 7.0 (Media Cybernetics) to count stained cells.
In Vitro TUNEL Assay
Mouse NPCs were seeded on poly-D-lysine coated coverslips at a density of 0.1 million/well. After a series of treatments, mouse NPCs were fixed and permeablized with 0.5% triton-X 100, and the apoptotic cells were determined by In Situ Cell Death Detection Kit, TMR red Fluorescein (Roche) according to the manufacturer's protocol. Images were taken using a Zeiss fluorescent microscope. All accessed images were imported into Image-ProPlus for quantifying the number of apoptotic cells.
Statistical Analysis
Data were expressed as means ±SEM, and analyzed by one-way ANOVA followed by the Tukey's test for pairwise comparisons. Significance was considered when p < 0.05. All experiments were performed with mouse NPCs from at least three donors. Assays were performed at least three times in triplicate or quadruplicate.
RESULTS
CXCL12 Regulates Cell Cycle of Mouse NPCs
To determine whether CXCL12 pretreatment affects mouse neural stem cell functions, P13.5 mouse NPCs were incubated with different concentrations (0, 10, 50, 100, 250 ng/ml) of CXCL12 in complete growth medium for 2 hours, and then treated without growth factors for 12 hours. We analyzed the cell cycle distribution of the cells using flow cytomerical analysis. The results showed CXCL12 100 ng/ml pretreatment evidently decreased the number of cells in G1 phase, whereas the number of cells in S phase increased significantly (Fig. 1B, C) . Meanwhile, we did not observe remarkable morphological changes in mouse neural stem cells after CXCL12 pretreatment and growth factors deprivation (GFD), suggesting that the cells did not undergo significant differentiation. This suggests that CXCL12 might specifically affect the proliferation or apoptosis of mouse NPCs.
CXCL12 Increases the Gene Expression Level of Cyclin D1 and the Cyclin D1 Upstream Gene β-Catenin
There are two major genes involved in cell cycle progression. One is Cyclin and the other is Cyclin Dependent kinase (CDK). Among them, Cyclin D/CDK4,6 mainly regulates the G1 phase, and Cyclin A,E/CDK2 is a well-known regulator of the S phase. In order to further investigate whether genes related to cell cycle regulation were altered after CXCL12 pretreatment, we first examined the mRNA expression of G1 phase related genes (Cyclin D1, D2, D3) using RT-PCR assay. The expression levels of Cyclin D1 and D2 increased after CXCL12 pretreatment, while Cyclin D3 showed minimal changes ( Fig. 2A) . Western blot results verified that the level of Cyclin D1 protein in this group was significantly increased compared with the growth factors deprivation (Fig. 2B) . It is known that the Wnt/β-catenin pathway regulates cell proliferation through the modulation of various genes related to proliferation, including c-myc and Cyclin D1. In order to determine whether Wnt signaling was altered in mouse neural stem cells, we detected the expression of β -catenin. The results of the Western Blot showed that the level of cellular β -catenin protein gradually increased in a dose-dependent manner with CXCL12 pretreatment (Fig. 2C) . These data indicate that CXCL12 pretreatment increases Cyclin D1 expression to shorten the G1 phase and consequently accelerate the progression of the cell cycle. We speculate that CXCL12 might facilitate the proliferative capability of mouse neural stem cells.
CXCL12 Induces the Proliferation of Mouse NPCs
To verify whether CXCL12 has a direct effect on mouse neural stem cell proliferation, we pretreated mouse neural stem cells for 2 hours with varying concentrations (10, 50, 100, 250 ng/ml) of CXCL12 followed by 24 hours of growth factor deprivation; subsequently, we stained the samples with Ki67. Quantification data showed that CXCL12 increased the total number of cells, as well as the number of Ki67 positive cell (Fig. 3G, H) . These data indicate that CXCL12 pretreatment increased mouse neural stem cell proliferation compared with the growth factor deprivation only group. 
CXCL12 Enhances Mouse NPC Survival During Growth Factor Deprivation
The aforementioned data (Fig. 4) showed that CXCL12 could induce the proliferation of mouse neural stem cells. In this study we use growth factor deprivation to investigate the role of CXCL12 pretreatment; in particular, cells were deprived of EGF, bFGF and neural stem cell supplement medium to explore whether CXCL12 can promote mouse neural stem cell proliferation. We also sought to determine whether CXCL12 promotes mouse NPCs antiapoptosis ability. To determine the function of CXCL12 on the survival of mouse neural stem cells, we pretreated mouse neural stem cells with CXCL12 for 2 hours and then treated with a growth factor deprivation medium for additional 24 hours. Growth factor deprivation dramatically increased the number of TUNEL-positive mouse neural stem cells compared with the untreated control (Fig. 4A, B) . CXCL12 alleviated apoptosis induced by growth factor deprivation in a dose-dependent manner (10-100 ng/ml) (Fig. 4C, D, E) . To confirm the anti-apoptosis ability of CXCL12, we also detected the level of cleaved PARP using western blotting at similar experimental settings. The result showed cleaved PARP decreased after CXCL12 pretreatment in a dose-dependent manner (Fig. 4F, G) . In summary, these data suggest that CXCL12 protects against apoptosis and increases the survival of mouse NPCs during growth factor deprivation.
CXCR7 may Play an Important Role on the AntiApoptosis Function of CXCL12 in Mouse NPCs
Previous studies have found that CXCL12 has two receptors (CXCR4 and CXCR7), which play a key role in the function of CXCL12 in NPCs [18] [19] [20] . We utilized CXCR4 and CXCR7 knockout mouse NPCs to explore the potential mechanisms involved in CXCL12 induced anti-apoptosis functions during deprivation of growth factors. As with previous experimental conditions, we pretreated the two types of cells with different concentrations of CXCL12 for 2 hours. This was followed by additional growth factor deprivation for 24 hours. The DAPI staining result showed that in control wild type mNPCs, the percentage change of proliferation was 99.2%±17.63% after CXCL12 pretreatment, as compared to its own GFD group (Fig.  5E) . In CXCR4 knockout mNPCs, the percentage change of proliferation was 71.4%±23.50%, a mild decrease of changes as compared with wild type mNPC. There was no significant difference between these two groups (Fig. 5E) . In CXCR7 knockout mNPCs, the percentage change of proliferation was 23.4%±5.27% after CXCL12 pretreatment, which was a significant decrease of change as compared to the wild type mNPCs (Fig. 5E ).
DISCUSSION
We demonstrated that CXCL12 pretreatment facilitated cell proliferation and promoted cell cycle progression at the G0/G1 phase transition to the S phase of mouse NPCs in vitro. Cell cycle progression is vital for proper neurogenesis, and cell cycle regulation is an important mechanism by which stem cells preserve self-renewal and multi-directional differentiation. Research has shown that cell cycle regulation of neural progenitors determined the size of the cerebral cortex development [21] . Several studies have demonstrated SDF1-CXCR4 regulation of HSC and C-Kit + Cardiac Stem/Progenitor Cell quiescence [16, 17] . During the cell cycle, the successful transition of G0/G1 phase to the S phase is crucial for proliferation. Cyclin D/cdk4 complex plays a key role in the process, especially Cyclin D1. In our study, CXCL12 pretreatment increased Cyclin D1, and facilitated G0/G1 phase transfer to S phase in mouse NPCs. These results indicate that CXCL12 may enhance the proliferation of mouse NPCs to boost neurogenesis. Consistent with the result of cell cycle analysis we analyzed proliferation marker Ki67 of mouse NPCs using cell immunofluorescence staining of Ki67 and found that CXCL12 significantly increased total cell numbers and Ki67-positive cell numbers compared with those of growth factor deprivation. These data suggest that CXCL12 promotes the proliferation of mouse NPCs.
In this study, we pretreated mouse NPCs for 2 hours with CXCL12 in the presence of growth factor EGF and bFGF to test whether CXCL12 could promote mouse NPCs proliferation followed by growth factor deprivation. We discovered that CXCL12-treated mouse NPCs without pretreatment of CXCL12 did not proliferate after they were deprived of growth factors for 24 hours (data not shown). This indicates that CXCL12 alone cannot promote cell cycle progression and induce proliferation of mouse NPCs in an environment deprived of growth factors [22] . Neural progenitor cells' proliferation and self-renewal is affected by many factors such as extracellular factor [23] . Among these factors, EGF [24, 25] , bFGF [26, 27] and IGF-1 [28, 29] played important roles during the process of NPCs proliferation and differentiation. A previous study demonstrated that blocking CXCR4 with a specific antagonist impaired the growth factor-induced progression of NPCs through the cell cycle [22] . EGF is an important mitosis-promoting factor (MPF), and plays an important role in embryonic and adult neural progenitor cell survival, migration and differentiation [30] [31] [32] [33] . A recent study reported that CXCL12 can induce different responses, promoting NPC migration at low concentrations while favoring cell adhesion via EGF and the alpha 6 integrin at high CXCL12 concentrations [34] . Some published literature states that CXCL12 alone will not increase the proliferation of mouse cerebellum granule cells, and blocking CXCR4 with a specific antagonist impairs the growth factorinduced progression of NPCs through the cell cycle [35] . It is unclear if in the process of CXCL12 pretreatment CXCL12 coordinates with growth factor EGF or bFGF to promote cell cycle transformation and induces proliferation of mouse NPCs [36] . This needs to be explored in further research.
As a Chemokine, CXCL12 has two receptors (CXCR4 and CXCR7). Previous studies have shown that CXCR4 contributes to the quiescence of a primitive hematopoietic stem cell, and CXCR4 -/-can lead to an abnormal proliferation of hematopoietic stem cells and disturb hematopoietic system steady state [37] . Early in vivo research indicated that in CXCR4-defective mice, the number of NPC in neurosphere outgrowth was twofold less than in wild-type (WT) mice; NPC radial cell migration was also decreased [38] . CXCR7 as another receptor for CXCL12 has been studied in recently years. It has been shown that knockdown of CXCR7 in HBMECs resulted in significantly reduced HBMEC proliferation, tube formation, and migration, as well as adhesion to matrigel and tumor cells [39] . Furthermore, CXCR7 could provide a means to promote oligodendroglial differentiation facilitating endogenous remyelination activities [40] . In our study, we specifically used CXCR4 and CXCR7 gene knockout approaches to investigate the role of CXCL12 pretreatment on mouse NPCs. After CXCL12 pretreatment, CXCR4
-/-mouse NPCs did not increase as much as wild type mNPC (71.4% increase as compared with 99.2% increase with wild type NPC), while CXCR7 -/-mouse NPCs significantly differed from wild type mNPC (23.4% increase as compared with 99.2% increase with wild type NPC, Fig. 5E ). These results indicate that CXCL12-CXCR7 interaction might be more critical for mouse NPCs undergoing pretreatment of growth factor deprivation.
Growth factor deprivation is a starvation condition, which induces the apoptosis of mouse NPCs. Neural stem cells surviving in hostile environments act as they would during human brain trauma or neurodegenerative disorders. In the repair process of trauma or a disease, normal neural stem cells migrate to the inflammation of the damaged area under the guidance of chemokines; as a chemokine, CXCL12 plays a crucial role in this process [41] [42] [43] . CXCL12 has been proposed to be a chemokine that mediates the migration of transplanted stem cells [44, 45] . One critical question is how to maintain neural stem cells properties in their initial state and during migrating? Our study provides evidence that CXCL12 promotes the proliferation and anti-apoptosis of mouse NPCs, and that CXCR7 may play an important role in these processes.
